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Abstract 26	
The decadal-mean impact of including ocean surface currents in the bulk formulas 27	
on surface air-sea fluxes and the ocean general circulation is investigated for the 28	
first time using a global eddy-permitting coupled ocean-sea ice model. Although 29	
including ocean surface currents in air-sea flux calculations only weakens the 30	
surface wind stress by a few percent, it significantly reduces wind power input to 31	
both geostrophic and ageostrophic motions, and damps the eddy and mean kinetic 32	
energy throughout the water column. Furthermore, the strengths of the horizontal 33	
gyre circulations and the Atlantic Meridional Overturning Circulation are found to 34	
decrease considerably (by 10-15% and ~13%, respectively).  As a result of the 35	
weakened ocean general circulation, the maximum northward global ocean heat 36	
transport decreases by ~0.2 PW, resulting in a lower sea surface temperature and 37	
reduced surface heat loss in the northern North Atlantic. Additional sensitivity 38	
model experiments further demonstrate that it is including ocean surface currents in 39	
the wind stress calculation that dominates this decadal impact, with including ocean 40	
surface currents in the turbulent heat flux calculations making only a minor 41	
contribution. Our results highlight the importance of properly accounting for ocean 42	
surface currents in surface air-sea fluxes in modelling the ocean circulation and 43	
climate. 44	
45	
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1. Introduction  46	
Air-sea momentum and heat transfer plays a fundamental role in driving the 47	
circulations of both the oceans and atmosphere (e.g., Gill 1982; Siedler et al. 2013). 48	
The surface momentum and turbulent heat fluxes are typically calculated based on the 49	
bulk formulas (e.g., Dawe and Thompson 2006): 50	 𝝉 = 𝜌$𝑐& 𝐔() − 𝐮 𝐔() − 𝐮            (1) 51	 𝑄- = 𝜌$𝑐.$𝐶0 𝐔() − 𝐮 𝑇$ − 𝑇)       (2) 52	 𝑄2 = 𝜌$𝐿4𝐶4 𝐔() − 𝐮 𝑞$ − 𝑞- ,       (3) 53	
where 𝜌$ and 𝑇$ are air density and temperature at the sea surface, respectively; 𝐔() is 54	
the 10-m wind velocity; 𝐮 is the ocean surface velocity; 𝑐& , 𝐶0	 and 𝐶4	 are stability-55	
dependent bulk transfer coefficients for wind stress (𝝉), sensible heat (𝑄-) and latent 56	
heat (𝑄2), respectively; 𝑐.$	is the specific heat of air; 𝐿4	is the latent heat of evaporation; 57	 𝑇)  is the sea surface temperature (SST); 𝑞$	 is the specific humidity; and 𝑞-  is the 58	
saturated specific humidity at SST. Eqs. (1)-(3) state that air-sea momentum and 59	
turbulent heat fluxes depend on the relative motion between the 10-m wind and the 60	
ocean surface current. Since the speed of the ocean surface currents is at least an order 61	
of magnitude smaller than that of the 10-m wind over most of the ocean, ocean surface 62	
currents are often assumed to have a negligible effect on air-sea fluxes and Eqs. (1)-(3) 63	
can be approximated by setting 𝐮 = 0, i.e., 64	 𝝉 = 𝜌$𝑐& 𝐔() 𝐔()                (4) 65	 𝑄- = 𝜌$𝑐.$𝐶0 𝐔() 𝑇$ − 𝑇)          (5) 66	 𝑄2 = 𝜌$𝐿4𝐶4 𝐔() 𝑞$ − 𝑞- .      (6) 67	
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A number of recent studies, however, have shown that not accounting for ocean 68	
surface currents in the wind stress calculation can lead to a positive bias in the estimate 69	
of wind power input to the ocean (e.g., Duhaut and Straub 2006; Dawe and Thompson 70	
2006; Zhai and Greatbatch 2007; Hughes and Wilson 2008; Scott and Xu 2009; Zhai et 71	
al. 2012). For example, Zhai and Greatbatch (2007) found that including ocean surface 72	
currents in the stress calculation reduced the total wind work in a model of the northwest 73	
Atlantic Ocean by about 20%. A similar percentage of reduction in wind power input 74	
to the near-inertial motions was reported by Rath et al. (2013) when they included ocean 75	
surface currents in the calculation of wind stress in a realistic eddy-resolving Southern 76	
Ocean model. Although accounting for the relative motion between the atmosphere and 77	
the surface ocean only leads to relatively small changes in the magnitude of the time-78	
mean wind stress, e.g., ~2% when averaged over the North Pacific (Dawe and 79	
Thompson 2006), it systematically damps surface ocean currents, particularly the 80	
energetic ocean eddy field (e.g., Zhai and Greatbatch 2007; Eden and Dietze 2009; 81	
Munday and Zhai 2015; Xu et al. 2016; so-called “relative wind stress effect”). For 82	
example, Zhai and Greatbatch (2007) reported a ~10% decrease in the eddy kinetic 83	
energy (EKE) in their northwest Atlantic model when ocean surface currents were 84	
included in the stress calculation. Eden and Dietze (2009) found a similar amount of 85	
reduction in EKE at high latitudes in an eddy-resolving model of the North Atlantic, 86	
but a much greater reduction (~50%) in the tropical Atlantic. Including ocean surface 87	
currents in the wind stress calculation has also been found to reduce the strength of 88	
equatorial upwelling to a more realistic level, thereby improving model simulations of 89	
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the tropical oceans (e.g., Pacanowski 1987; Luo et al. 2005; Dawe and Thompson 2006; 90	
Eden and Dietze 2009).  91	
In comparison, there have been fewer studies on the effect of ocean surface currents 92	
on air-sea turbulent heat fluxes (see Dawe and Thompson 2006 for an exception). Since 93	
ocean surface currents tend to, on average, move in directions similar to the surface 94	
winds, accounting for the relative motion between the atmosphere and the surface ocean 95	
is expected to reduce the magnitude of surface turbulent heat fluxes. In a 1/5o regional 96	
model of the North Pacific, Dawe and Thompson (2006) found that including ocean 97	
surface currents in the bulk formulas indeed reduces surface latent and sensible heat 98	
fluxes by about 10% in the Kuroshio region, although the basin-averaged heat flux 99	
reduction is of much smaller magnitude, i.e., only 1-2%. Interestingly, the opposite 100	
effect was found in the tropical Pacific where latent and sensible heat fluxes increase 101	
due to a warming of SST as a result of changes in ocean circulation. Results from Dawe 102	
and Thompson (2006) suggested that changes in surface turbulent heat fluxes brought 103	
about by accounting for ocean surface currents in the bulk formulas may result from 104	
not only the direct effect of including ocean surface currents in the heat flux calculation 105	
but also the indirect effect of including ocean surface currents in the wind stress 106	
calculation, the latter of which influences SST and hence surface heat fluxes via ocean 107	
circulation changes. However, the relative importance of the direct and indirect effects 108	
is unknown.  109	
So far, the focus of previous studies on this topic has been primarily on the 110	
reduction of wind power input to the ocean circulation and damping of EKE, and, to 111	
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some extent, on equatorial upwelling. There have been few studies reporting the impact 112	
of accounting for ocean surface currents in air-sea flux calculations on the ocean general 113	
circulation and heat transport. Furthermore, previous investigations often rely on 114	
regional ocean model simulations of a short duration, e.g., 2 years in Dawe and 115	
Thompson (2006) and Zhai and Greatbatch (2007) and 5 years in Eden and Dietze 116	
(2009). As such, these studies are unable to address the longer term (e.g., decadal) 117	
impact on the global ocean. Here we investigate for the first time the decadal-mean 118	
impact of accounting for ocean surface currents in the bulk formulas on air-sea 119	
exchanges and the ocean general circulation using a global eddy-permitting coupled 120	
ocean-sea ice model. We also conduct additional sensitivity experiments to assess the 121	
relative importance of including ocean surface currents in the wind stress and heat flux 122	
calculations in causing this impact on decadal time scale.  123	
The paper is organized as follows. Section 2 provides a brief model description and 124	
experiment design. Section 3 describes and discusses the effect of accounting for ocean 125	
surface currents in the bulk formulas on air-sea momentum and turbulent heat fluxes 126	
and its impact on the ocean general circulation, ocean energetics and heat transport. 127	
Section 4 concludes with a brief summary of our results. 128	
2. Model experiments  129	
The numerical model used in this study is the same as that in Wu et al. (2016), i.e., 130	
the MIT general circulation model (MITgcm; Marshall et al. 1997a, b) in the state 131	
estimate configuration of Estimating the Circulation and Climate of the Ocean, phase 2 132	
(ECCO2), and the following text is derived from there with some minor modifications. 133	
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This model employs a cube-sphere grid configuration that avoids polar singularities and 134	
permits relatively even grid spacing throughout the model domain (Adcroft et al. 2004). 135	
The mean horizontal grid spacing of the model is 18 km, i.e., eddy-permitting, and the 136	
model has 50 uneven vertical levels with their thickness increasing from 10 m near the 137	
surface to 450 m at the bottom. The sub-grid scale vertical mixing processes are 138	
parameterized using the K-Profile Parameterization (Large et al. 1994), and no explicit 139	
eddy parameterization schemes are used in the model. The ocean model is coupled to 140	
the MITgcm sea ice model and is run with optimized parameters that are obtained to 141	
reduce model-data misfit via the Green Function approach (Menemenlis et al. 2005, 142	
2008). The coupled model is forced by 6-hourly atmospheric data taken from the 143	
Japanese 55-year Reanalysis (JRA-55) dataset for the period of 1979-2012 (Kobayashi 144	
et al. 2015), including 6-hourly downward longwave radiation, downward shortwave 145	
radiation, 2-m humidity, 2-m air temperature, precipitation, and 10-m wind velocity. 146	
There is some uncertainty in parameters used in the bulk formula, e.g., the drag 147	
coefficient, but this uncertainty is unlikely to qualitatively changes the results shown in 148	
this paper. The model is initialized from a blend of the Polar Hydrographic Climatology, 149	
the World Ocean Circulation Experiment Global Hydrographic Climatology and a spin-150	
up run of ECCO2 (Menemenlis et al. 2008).  151	
To investigate the impact of including ocean surface currents in the bulk formulas 152	
on surface air-sea fluxes and the ocean general circulation, we conduct three model 153	
experiments with the only difference between them being whether ocean surface 154	
currents are included in the bulk formulas. In experiment CONTROL, ocean surface 155	
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currents are included in the calculations of both air-sea momentum and turbulent heat 156	
fluxes, i.e., Eqs. (1)-(3) are used in CONTROL. In experiment NONE, ocean surface 157	
currents are excluded from air-sea flux calculations, i.e., Eqs. (4)-(6) are used in NONE. 158	
In the third experiment, HEAT, ocean surface currents are included in the turbulent heat 159	
flux calculations, but not in the wind stress calculation, i.e. Eqs. (2)-(4) are used in 160	
HEAT. Differences between CONTROL and HEAT (and also between HEAT and 161	
NONE) are then used to assess the relative importance of including ocean surface 162	
currents in air-sea momentum and heat flux calculations. All three experiments are 163	
initialized with the same blended climatology and integrated for 34 years from 1979 to 164	
2012. Except for the wind power input calculations where instantaneous outputs every 165	
3 days are used, monthly-averaged model outputs from the last 10 years1 of the three 166	
experiments at 18 km resolution are analyzed for this study.  167	
3. Results 168	
a. Air-sea fluxes 169	
1) MOMENTUM FLUX  170	
Including ocean surface currents in the bulk formulas leads to a slight but wide-171	
spread weakening of the mean surface wind stress (Fig. 1a). This weakening in surface 172	
wind stress is more pronounced in regions where ocean surface currents are relatively 173	
strong. For example, the strength of the mean wind stress averaged over the Kuroshio 174	
Extension region (165oE-120oW, 30oN-60oN) is about 6% weaker in CONTROL than 175	
																																								 																				 	
1Using	model	outputs	from	only	the	last	5	years	makes	little	differences	to	the	results	
shown	in	this	paper.	
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in NONE, in agreement with the 5-10% difference reported by Dawe and Thompson 176	
(2006). Similar percentage decreases are also found in the Gulf Stream region, the 177	
tropics, and the Southern Ocean when ocean surface currents are included in the bulk 178	
formulas. When averaged over the global ocean, the mean wind stress in CONTROL is 179	
about ~4% weaker than those in NONE and HEAT. The close resemblance between 180	
Figs. 1a and 1b in terms of both magnitude and spatial pattern demonstrates that the 181	
difference in the mean wind stress between CONTROL and NONE is due primarily to 182	
the effect of including ocean surface currents in the calculation of surface wind stress, 183	
as one would expect. The wide-spread weakening of the mean wind stress shown in Fig. 184	
1b confirms that ocean surface currents are indeed generally orientated in directions 185	
similar to the surface winds. One exception is the North Pacific Counter Current which 186	
flows eastward against the prevailing trade winds.  187	
This slight weakening of the mean wind stress owing to the presence of ocean 188	
surface currents in the wind stress calculation leads to a general reduction in the 189	
magnitude of the wind stress curl, most noticeable in the Southern Ocean, the equatorial 190	
current system and the high northern latitudes (Fig. 1d). Large differences in the mean 191	
wind stress curl between CONTROL and NONE are found in regions of ocean fronts 192	
and jets, often characterized by dipole patterns. For example, including ocean surface 193	
currents in the bulk formulas results in negative (positive) wind stress curl to the north 194	
(south) of the Sub-Antarctic Front. This is because the reduction in the strength of the 195	
mean wind stress after taking into account the relative motion between the atmosphere 196	
and the surface ocean tends to be most significant along the jet axis, which then creates 197	
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anomalous horizontal wind stress shear of opposite sign on either side of the jets. 198	
Similar dipole patterns are also found in the Gulf Stream region and the tropical oceans.  199	
2) HEAT FLUX 200	
Figure 2 shows the time-mean net surface heat flux averaged over the last decade 201	
in CONTROL and the differences between the three experiments. Although the overall 202	
patterns of the mean surface heat fluxes in all three experiments are very similar, 203	
including ocean surface currents in air-sea flux calculations leads to a significant 204	
reduction in surface heat loss in the subpolar North Atlantic as well as anomalous heat 205	
gain (loss) equatorward (poleward) of the western boundary currents (Fig. 2b). Heat 206	
loss averaged over the subpolar North Atlantic (70oW-0o, 40oN-80oN) decreases by 207	
~14.4% from -46 W m-2 in NONE to -39 W m-2 in CONTROL. Interestingly, 208	
comparison between Fig. 2b and Fig. 2c makes it clear that the differences in surface 209	
heat flux between CONTROL and NONE are not a direct effect of including ocean 210	
surface currents in the turbulent heat flux calculations, but mainly an indirect effect of 211	
including ocean surface currents in the wind stress calculation via ocean circulation 212	
differences between the two experiments. 213	
Differences in surface heat flux between CONTROL and NONE are closely linked 214	
to their SST differences (Fig. 3). The pronounced heat flux differences in the subpolar 215	
North Atlantic and the western boundary current regions are in opposite phase to the 216	
SST differences in those regions, demonstrating that it is changes of SST that lead to 217	
changes in surface heat flux there, not vice versa (see Eqs. 2 and 3). Comparisons 218	
between the three experiments (Figs. 3b-d) further confirm that the SST differences 219	
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between CONTROL and NONE, especially those in extratropics, are mainly a result of 220	
ocean circulation differences induced by different wind stress calculations, i.e., Eq. (1) 221	
vs. Eq. (4), although including ocean surface currents in the turbulent heat flux 222	
calculations makes an important contribution in the tropical oceans. It will be shown 223	
later that the SST differences between CONTROL and NONE in the subpolar North 224	
Atlantic are mostly associated with differences in the strength of the Atlantic 225	
Meridional Overturning Circulation (AMOC) while those in the western boundary 226	
current regions associated with differences in the horizontal gyre circulations. 227	
The results above demonstrate that, on decadal time scale, the indirect effect of 228	
including ocean surface currents in the wind stress calculation dominates the 229	
differences in air-sea heat fluxes and the SST over the direct effect of including ocean 230	
surface currents in the heat flux calculation. It is instructive to examine whether this 231	
also holds on much shorter time scales. Figure 4 shows the differences in surface heat 232	
flux and the SST averaged over the first model day between the three experiments. 233	
Although these differences are still very small in magnitude, it is clear that the 234	
immediate response of surface heat flux is almost entirely explained by the direct effect 235	
of including ocean surface currents in the heat flux calculations. Since ocean surface 236	
currents, generally speaking, are orientated in directions similar to the surface winds, 237	 𝐔() − 𝐮  is typically smaller than 𝐔() 2. Including ocean surface currents in the heat 238	
flux calculations therefore reduces the surface turbulent heat loss and increase the net 239	
heat gain over most of the global ocean (Figs. 4a and 4c). One exception is the 240	
																																								 																				 	
2	This	is	not	necessarily	true	for	ocean	eddies.	
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equatorial counter current region where 𝐔() − 𝐮  is actually greater than 𝐔() . Due 241	
to the dominance of the direct heat flux effect, differences in SST averaged over the 242	
first model day between the three experiments are generally in phase with differences 243	
in surface heat flux, i.e., reduced surface heat loss resulting in warmer SST. However, 244	
the dominance of this direct effect is rather short-lived. When averaged over the first 245	
model month, the indirect effect of different wind stress calculations already starts to 246	
play a more important role in determining the surface heat flux and SST differences 247	
between these experiments (not shown). 248	
b. Wind power input 249	
The wind power input, P, is calculated here using 𝑃 = 𝝉 ∙ 𝐮, where the overbar 250	
denotes a 10-year time average. The spatial patterns of P in all three experiments are 251	
similar to those in previous studies (e.g. Huang et al. 2006; von Storch et al. 2012), with 252	
most of the wind power input concentrated in the Southern Ocean (not shown). 253	
Integrated globally, P in NONE is ~3.41 TW (1 TW = 1012 W), of which 1.27 TW is 254	
supplied by the time-mean wind stress (𝝉 ∙ 𝐮) and 2.14 TW by the time-varying wind 255	
stress (𝝉′ ∙ 𝐮′). These values are lower than, but comparable to, 𝝉 ∙ 𝐮 = 1.85	TW and 256	 𝝉′ ∙ 𝐮′ = 2.19 TW that were found by von Storch et al. (2012) in their 1/10o global 257	
STORM/NCEP simulation where ocean surface currents were not accounted for in the 258	
wind stress calculation. In comparison, P in CONTROL is only ~2.55 TW, of which 259	
1.14 TW is supplied by 𝝉 ∙ 𝐮 and 1.41 TW by 𝝉′ ∙ 𝐮′, representing a 25.2%, 10.2% and 260	
34.1% reduction in P, 𝝉 ∙ 𝐮 and 𝝉′ ∙ 𝐮′ respectively from NONE (see Table 1). Figure 261	
5a shows that the reduction in P is most significant in the Southern Ocean, the tropics, 262	
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and mid and high northern latitudes.  263	
Given that including ocean surface currents in the stress calculation only leads to a 264	
slight weakening of the surface wind stress (Fig. 1), the percentage reduction of P seems 265	
surprisingly large. This large effect of the relative wind stress on P can be understood 266	
by simple scaling arguments. Following Duhaut and Straub (2006), we decompose 𝐮 267	
into the sluggish large-scale 𝐮𝐛𝐚𝐬𝐢𝐧  and more energetic mesoscale 𝐮𝐞𝐝𝐝𝐲 , with 268	 𝐮𝐛𝐚𝐬𝐢𝐧 ≪ 𝐮𝐞𝐝𝐝𝐲 . In the absence of the relative wind effect, 𝛕 is expected to project 269	
onto 𝐮𝐛𝐚𝐬𝐢𝐧 , not 𝐮𝐞𝐝𝐝𝐲 , such that 𝛕 ∙ 𝐮 ≈ 𝛕 ∙ 𝐮𝐛𝐚𝐬𝐢𝐧 . It can then be shown after some 270	
simple algebra that the percentage reduction of P scales as 𝐮 M𝐔𝟏𝟎 𝐮𝐛𝐚𝐬𝐢𝐧 ≈ 𝐮𝐞𝐝𝐝𝐲 M𝐔𝟏𝟎 𝐮𝐛𝐚𝐬𝐢𝐧  , 271	
which is roughly 20% if one plugs in 𝐔𝟏𝟎 ~10	m	sS( , 𝐮𝐞𝐝𝐝𝐲 ~0.2	m	sS(  and 272	 𝐮𝐛𝐚𝐬𝐢𝐧 ~0.02	m	sS(. 273	
It is instructive to separate wind power input that goes into surface geostrophic 274	
motions (𝑃T = 𝝉 ∙ 𝐮𝐠) from that goes into surface ageostrophic motions (𝑃$ = 𝝉 ∙ 𝐮𝐚). 275	
Including ocean surface currents in the bulk formulas reduces the globally-integrated 276	
Pg and Pa by about 0.13 TW (15%) and 0.73 TW (29%), respectively. Most of the small-277	
scale structures seen in Fig. 5a are due to differences in Pg between CONTROL and 278	
NONE (Fig. 5c), while Pa shows a much more spatially uniform reduction (Fig. 5b). 279	
The significant reduction in Pa is likely to lead to reduced vertical mixing in the upper 280	
ocean, since the majority of Pa is dissipated within the upper few tens of meters, 281	
contributing to the deepening of the surface mixed layer and cooling of the SST (e.g. 282	
Zhai et al. 2009). It is worth pointing out that the net values of Pg and Pa found in this 283	
study compare favorably with a number of previous studies. The Pg=0.73 TW in 284	
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CONTROL is close to the 0.76 TW estimated by Hughes and Wilson (2008) who 285	
accounted for the relative wind stress effect, while the Pg=0.86 TW in NONE agrees 286	
well with the 0.88 TW estimated by Wunsch (1998) who did not account for the relative 287	
wind stress effect. For Pa, its net value is ~2.55 TW in NONE, comparable to the 2.4 288	
TW estimated by Wang and Huang (2004) based on classical Ekman dynamics.  289	
Figure 6 shows that wind power input to the ocean circulation by the time-varying 290	
wind stress in CONTROL is dominated by 𝝉′ ∙ 𝐮𝐚′ , with 𝝉′ ∙ 𝐮𝐠′  actually making 291	
negative contributions over many areas at mid and high latitudes. Negative values of  292	 𝝉′ ∙ 𝐮𝐠′ in regions of strong eddy activities is owing to the relative wind stress damping 293	
effect which is proportional to the magnitude of ocean surface kinetic energy (Duhaut 294	
and Straub 2006; Xu et al. 2016). In contrast, 𝝉′ ∙ 𝐮𝐚′ is positive everywhere, since the 295	
time-varying ageostrophic ocean currents (e.g., Ekman currents) are generally 296	
orientated in directions similar to the time-varying wind stress. Including ocean surface 297	
currents in the wind stress calculation leads to a reduction of 𝝉′ ∙ 𝐮′ by 0.73 TW, of 298	
which 0.68 TW is owing to reduction in 𝝉′ ∙ 𝐮𝐚′ and only 0.05 TW owing to reduction 299	
in 𝝉′ ∙ 𝐮𝐠′. Comparisons between the three experiments show that differences in wind 300	
power input between CONTROL and NONE is due to the relative wind stress effect 301	
(see Table 1). 302	
c. Ocean kinetic energy  303	
Consistent with previous studies, including ocean surface currents in air-sea flux 304	
calculations leads to a widespread reduction in surface EKE (Figs. 7a and b). Here EKE 305	
is defined as 𝑢WX + 𝑣WX /2 , where 𝑢 and	𝑣 are zonal and meridional velocities. The 306	
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reduction is most pronounced in the tropical oceans, but also significant in the western 307	
boundary current regions and the Southern Ocean. Integrated globally, EKE in 308	
CONTROL and NONE are 0.94 EJ and 1.29 EJ respectively, representing a reduction 309	
of ~27%. In comparison, the globally-integrated EKE in HEAT is about 1.26 EJ, almost 310	
identical to that in NONE, confirming that the reduction of EKE is due almost entirely 311	
to the relative wind stress damping effect. The small-scale structures of alternating signs 312	
in Fig. 7c are associated with mesoscale eddies, and they largely cancel each other when 313	
integrated over the model domain.  314	
There have been few studies reporting the vertical structure of EKE damping by the 315	
relative wind stress. Here we find that the reduction in EKE is most significant at the 316	
sea surface, which then decays with depth over a distance of 600-1000 m (Figs. 8a-c). 317	
The surface EKE integrated over the Southern Ocean, the tropics, and the global ocean 318	
in CONTROL are 18.2%, 44.2% and 32.6% less than those in NONE, respectively. 319	
These percentage decreases are comparable to the 18% reduction of surface EKE found 320	
by Munday and Zhai (2015) in an idealized Southern Ocean model and the 50% 321	
reduction of surface EKE found by Eden and Dietze (2009) in the tropical Atlantic when 322	
ocean surface currents are included in the wind stress calculation. Interestingly, 323	
although the magnitude of EKE reduction is found to decrease with depth, the 324	
percentage reduction of the globally-averaged EKE remains at roughly 20-30% below 325	
the upper 400 m (Fig. 8d).  326	
Including ocean surface currents in the bulk formulas also leads to a reduction in 327	
the surface mean kinetic energy (MKE) over most of the ocean, most noticeably in the 328	
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tropics and, to a lesser extent, in the western boundary current regions (Fig. 7d). For 329	
example, MKE integrated over the global ocean decreases by about 12.5% from 0.8 EJ 330	
in NONE to 0.7 EJ in CONTROL, with nearly half of the decrease being in the tropics. 331	
In contrast to the deep-reaching structure of EKE reduction, the reduction of MKE is 332	
confined much closer to the surface, i.e., within the top 150 m (Figs. 8e-g), although 333	
the percentage decrease remains roughly 10% below the upper 500 m (Fig. 8h). It is 334	
worth pointing out that differences in surface MKE shown in Fig. 7d are due mostly to 335	
differences in the geostrophic, rather than Ekman, part of the mean flow between the 336	
two experiments. Only very small differences are found in MKE averaged over the 337	
Southern Ocean between the three experiments (Fig. 8f), an interesting feature that we 338	
will discuss further in the next section. Again, it is including ocean surface currents in 339	
the wind stress calculation that is responsible for the difference in MKE between 340	
CONTROL and NONE (Figs. 7d-f). 341	
d. Gyre circulation and ACC transport  342	
Differences in the mean wind stress curl between CONTROL and NONE are likely 343	
to lead to differences in the depth-integrated meridional volume transport and hence the 344	
gyre circulations. However, to our knowledge, the effect on gyre circulations has not 345	
been investigated in detail before. Figure 9 shows that including ocean surface currents 346	
in the bulk formulas reduces the strength of the simulated gyre circulations almost 347	
everywhere. For example, the mean strength of the North Atlantic subtropical gyre 348	
decreases by about 10.3% from 97.3 Sv in NONE to 87.3 Sv in CONTROL, and that 349	
of the North Atlantic subpolar gyre decreases by about 16.4% from 63.3 Sv in NONE 350	
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to 52.9 Sv in CONTROL, becoming more comparable with the observed value of 48.8 351	
Sv (e.g. Reynaud et al. 1995). Similar reductions in the strength of the gyre circulations 352	
are also found in the South Atlantic and the Pacific (see Table 2). The associated 353	
weakening and meridional shift of the western boundary currents appear to be largely 354	
responsible for the differences in SST and surface heat flux found between CONTROL 355	
and NONE in these regions (Figs. 2 and 3). In the tropical Pacific, including ocean 356	
surface currents results in a set of positive and negative zonal bands owing to the 357	
reduction of the strength of the North Equatorial Current and the South Equatorial 358	
Current (see also Dawe and Thompson 2006). Comparisons between the three 359	
experiments show that differences in the strength of the horizontal gyre circulations are 360	
due primarily to the effect of including ocean surface currents in the wind stress 361	
calculation. 362	
On the other hand, the Antarctic Circumpolar Current (ACC) transport at Drake 363	
Passage in CONTROL remains very similar to those in NONE and HEAT (see Table 2 364	
and Fig. 8f). The mean ACC transports averaged over the last decade in CONTROL 365	
and NONE are both about 92 Sv, despite of the ~9% decrease in the mean wind stress 366	
and ~28% reduction in EKE in the Southern Ocean in CONTROL. Furthermore, there 367	
is virtually no difference in isopycnal slopes in the Southern Ocean between the three 368	
experiments (not shown). This insensitivity of ACC transport to surface wind forcing 369	
appears to be consistent with the findings of a number of recent studies (e.g. Straub 370	
1993; Meredith and Hogg 2006; Wang et al. 2011; Munday et al. 2013; Munday and 371	
Zhai 2017) who found the ACC is in an eddy-saturated state where changes of surface 372	
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wind forcing is at least partially compensated by changes of the eddy field, rendering 373	
little changes in isopycnal slopes and the equilibrium ACC transport. Similar 374	
insensitivity of ACC transport to different wind stress bulk formulas was also found by 375	
Munday and Zhai (2015) in an idealized eddying Southern Ocean channel model.  376	
e. Deep convection and AMOC 377	
We now analyze the effect of including ocean surface currents in the bulk formulas 378	
on the mixed layer depth (MLD) and the intensity of deep convection at high latitudes. 379	
The MLD in the ECCO2 state estimate is defined as the depth at which the density 380	
differs from that at the ocean surface by an amount that is equivalent to a temperature 381	
difference of 0.8oC, an optimal value estimated by Kara et al. (2000) to best fit two 382	
observational datasets. 383	
Figure 10 shows the spatial distributions of the late winter MLD in CONTROL 384	
averaged over the last decade and the differences between the three experiments. Deep 385	
winter surface mixed layers are found in the western boundary current regions, the 386	
Southern Ocean, the subpolar North Atlantic and the Nordic Seas in all three 387	
experiments. When ocean surface currents are included in the bulk formulas, the winter 388	
MLD decreases considerably at mid and high latitudes, particularly in the subpolar 389	
North Atlantic and the Southern Ocean (Fig. 10b). For example, the March-mean MLDs 390	
averaged in the Labrador Sea in CONTROL and NONE are 2750 m and 3450 m 391	
respectively, representing a ~20% difference. Interestingly, it is the effect of including 392	
ocean surface currents in the wind stress calculation, rather than turbulent heat flux 393	
calculations, that explains most of the differences in MLD between CONTROL and 394	
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NONE (Figs. 10b-d). As Fig. 1d shows, including ocean surface currents in the wind 395	
stress calculation weakens the cyclonic wind stress curl in the subpolar North Atlantic 396	
in CONTROL. For example, the March-mean cyclonic wind stress curl averaged in the 397	
Labrador Sea in CONTROL is about 20% weaker than that in NONE. The weakened 398	
cyclonic wind stress curl in CONTROL reduces the strength of Ekman upwelling and 399	
results in less doming of the density surfaces and a weaker cyclonic circulation in the 400	
subpolar North Atlantic than in NONE (Fig. 9). We argue that this reduced 401	
preconditioning effect then makes it harder for surface heat loss to overcome 402	
stratification and trigger deep-reaching convection in CONTROL (Marshall and Schott 403	
1999).   404	
The differences in the intensity of deep convection in the northern North Atlantic 405	
between the experiments are expected to have an impact on the strength of the AMOC 406	
(e.g. Eden and Willebrand 2001; Zhai et al. 2011; Zhai et al. 2014; Wu et al. 2016). The 407	
AMOC is calculated here in the same way as Wu et al. (2016) by zonally integrating 408	
the meridional velocity across the Atlantic basin from its western boundary (𝑥]) to 409	
eastern boundary (𝑥^ ) and from the ocean bottom at 𝑧 = −ℎ upward: 𝜓 𝑦, 𝑧, 𝑡 =410	 𝑣 𝑥, 𝑦, 𝑧, 𝑡 𝑑𝑥𝑑𝑧ef(h,i)ek(h,i)iS0 . Figure 11 shows that including ocean surface currents in 411	
the bulk formulas leads to a coherent reduction in the strength of AMOC at all latitudes. 412	
The maximum strength of the AMOC decreases by about 12.6% from 20.6 Sv in NONE 413	
to 18.0 Sv in CONTROL. There is also a slight reduction (~0.76 Sv) in the strength of 414	
the overturning cell in the abyssal ocean. Comparisons between the three experiments 415	
further demonstrate that the reduction in the strength of the AMOC in CONTROL is 416	
20 
	
mainly a result of including ocean surface currents in the wind stress calculation, 417	
consistent with the differences in the intensity of deep convection shown in Fig. 10.  418	
f. Meridional heat transport 419	
Results from previous sections show that including ocean surface currents in air-420	
sea flux calculations can lead to considerable changes in the strength of the horizontal 421	
gyre circulations and the AMOC. We now investigate the impact of these ocean 422	
circulation changes on the meridional heat transport. The overall structures of the 423	
meridional ocean heat transport in the three experiments are similar to each other and 424	
comparable to those inferred from observations (e.g., Trenberth and Caron 2001; 425	
Ganachaud and Wunsch 2003), with the wind-driven gyre circulations primarily 426	
responsible for the poleward heat transport in the Pacific Ocean and Indian Ocean and 427	
the AMOC dominating the northward heat transport in the Atlantic Ocean (Fig. 12).  428	
When ocean surface currents are included in the bulk formulas, the magnitude of 429	
meridional heat transport decreases in all the ocean basins. In the Atlantic Ocean, the 430	
northward heat transport in CONTROL is weaker than that in NONE at all latitudes, 431	
with the peak northward heat transport decreasing by about 14.8% from 1.08 PW (1 432	
PW = 1015 W) in NONE to 0.92 PW in CONTROL (Fig. 12b). The reduced northward 433	
heat transport in the Atlantic, mainly as a result of the weakened AMOC, results in a 434	
colder SST in the northern North Atlantic in CONTROL (Fig. 3), which, in turn, reduces 435	
the surface heat loss there (Fig. 2). In the Pacific Ocean, the maximum northward heat 436	
transport decreases by about 15.5% from 0.58 PW in NONE to 0.49 PW in CONTROL. 437	
Globally, including ocean surface currents in the bulk formulas reduces the maximum 438	
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northward heat transport in the North Hemisphere by ~0.2 PW from 1.7 PW in NONE 439	
to 1.5 PW in CONTROL, that is, a 12% decrease. In comparison, the reduction of the 440	
southward heat transport in the Southern Hemisphere is much less owing to cancellation 441	
between simultaneous reductions of the northward heat transport in the South Atlantic 442	
and southward heat transport in the Indo-Pacific Oceans. Again, it is including ocean 443	
surface currents in the wind stress calculation that is responsible for the reduction in the 444	
meridional ocean heat transport shown in Fig. 12. 445	
4. Summary 446	
In this study we have investigated for the first time the decadal-mean impact of 447	
including ocean surface currents in the bulk formulas on surface air-sea fluxes and the 448	
ocean general circulation using a global coupled ocean-sea ice model at eddy-449	
permitting resolution. By comparing model simulations that include, partially include, 450	
and exclude ocean surface currents in air-sea flux calculations, we find 451	
• The decadal-mean impact on surface air-sea fluxes and ocean circulation is 452	
dominated by the effect of including ocean surface currents in the wind stress 453	
calculation, with the effect of including ocean surface currents in the heat flux 454	
calculations making only a minor contribution. 455	
• Including ocean surface currents in the bulk formulas leads to a general reduction 456	
in the magnitude of surface wind stress (and also its curl) and a significant reduction 457	
in surface heat loss in the northern North Atlantic. This reduction in surface heat 458	
loss is associated with the colder SST there as a result of ocean circulation changes. 459	
• Including ocean surface currents in the bulk formulas reduces wind power input to 460	
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surface geostrophic motions by about 0.13 TW and that to surface ageostrophic 461	
motions by about 0.73 TW.  462	
• Consistent with previous studies, including ocean surface currents in the bulk 463	
formulas damp both the EKE and MKE in the ocean considerably. The globally 464	
integrated EKE and MKE decrease by about 27% and 12.5%, respectively. 465	
Although this relative wind stress damping effect is surface intensified, it extends 466	
throughout the water column. 467	
• Including ocean surface currents in the bulk formulas leads to a reduction in the 468	
strength of the horizontal gyre circulations by 10-15%. In contrast, the ACC 469	
transport remains largely unchanged despite of considerable changes of the wind 470	
stress and EKE in the Southern Ocean. 471	
• Including ocean surface currents in the bulk formulas reduces the intensity of deep 472	
convection in the northern North Atlantic, which, in turn, weakens the AMOC by 473	
about 12.6%.   474	
• The weakened horizontal gyre circulations and the AMOC reduce the magnitude of 475	
the meridional heat transport in all ocean basins. The maximum northward global 476	
ocean heat transport decreases by about 12% from 1.7 PW to 1.5 PW. 477	
Results from our study show that accounting for the relative motion between the 478	
atmosphere and the surface ocean in air-sea flux calculations, particularly in the wind 479	
stress calculation, can lead to a significant reduction in the strength of the simulated 480	
ocean general circulation and meridional heat transport on decadal time scale. Ocean 481	
models that do not account for this relative motion are therefore likely to be forced too 482	
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strongly and miss an important ocean energy sink. Recent studies (Zhai et al. 2012) 483	
suggest that the relative wind stress damping effect is strongly enhanced by wind 484	
variability associated with synoptic weather systems. This implies that a significant 485	
fraction of the differences between CONTROL and NONE shown in this study may be 486	
explained by the synoptic wind variability resolved by the JRA-55 reanalysis product. 487	
Efforts are currently underway to quantify the role played by synoptic weather systems 488	
in determining the impact of different bulk formulas on the ocean general circulation. 489	
There are several limitations associated with our study. For example, the model we 490	
use is only of eddy-permitting resolution, so the relative wind stress damping effect is 491	
likely to be underestimated since the damping effect is proportional to the magnitude 492	
of surface kinetic energy. On the other hand, recent studies using coupled models 493	
(Renault et al. 2016; Abel et al. 2017) suggest that the near-surface winds may be 494	
somewhat enhanced due to the ocean current feedback, which may partly counteract 495	
damping by the relative wind stress and therefore partly re-energize the ocean. This so-496	
called re-energization effect is not included in our ocean-only model experiments. 497	
Finally, although some of the results shown here may depend quantitatively on the 498	
model we use, weakening of the ocean general circulation as a result of reduced wind 499	
power input is consistent with the view that the large-scale ocean circulation is 500	
maintained by mechanical energy input into the ocean (e.g. Huang 1999; Wunsch and 501	
Ferrari 2004). The potentially significant impact of accounting for ocean surface 502	
currents in the bulk formulas on ocean circulation and climate calls for further research 503	
on this topic.  504	
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FIG. 1. Differences in the magnitude of the time-mean surface wind stress (N m-2) between (a) CONTROL and 747	
NONE, (b) CONTROL and HEAT, and (c) HEAT and NONE. (d) differences in the mean wind stress curl (10-7 N 748	
m-3) between CONTROL and NONE. 749	
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FIG. 2. The time-mean surface heat flux (W m-2) in (a) CONTROL and the differences between (b) CONTROL 775	
and NONE, (c) CONTROL and HEAT, and (d) HEAT and NONE. 776	
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FIG. 3. As in Fig.2, but for the time-mean SST (°C). 805	
 806	
 807	
 808	
 809	
 810	
 811	
 812	
 813	
 814	
 815	
 816	
 817	
 818	
 819	
 820	
 821	
 822	
 823	
 824	
 825	
 826	
37 
	
 827	
 828	
 829	
 830	
 831	
 832	
FIG. 4. The left column: differences in net surface heat flux (W m-2) averaged over the first model day between (a) 833	
CONTROL and NONE, (b) CONTROL and HEAT, and (c) HEAT and NONE. The right column is the same as the 834	
left column, but for differences in SST (°C). 835	
 836	
 837	
 838	
 839	
 840	
 841	
 842	
 843	
 844	
 845	
 846	
 847	
 848	
 849	
 850	
38 
	
 851	
 852	
 853	
 854	
 855	
 856	
 857	
 858	
FIG. 5. Differences in (a) wind power input to the ocean circulation (W m-2) and its (b) ageostrophic component 859	
and (c) geostrophic component between CONTROL and NONE. 860	
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FIG. 6. Wind power input to the ocean circulation (W m-2) by the time-varying wind stress in (a) CONTROL and (b) 883	
the difference between CONTROL and NONE. (c) and (d) are for wind power input to surface geostrophic motions 884	
and (e) and (f) for wind power input to surface ageostrophic motions.  885	
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FIG. 7. The left column: differences in the time-mean surface EKE (m2 s-2) between (a) CONTROL and NONE, 911	
(b) CONTROL and HEAT, and (c) HEAT and NONE. The right column is the same as the left column, but for 912	
differences in the time-mean surface MKE (m2 s-2). 913	
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FIG. 8. The top row: EKE (m2 s-2) averaged over (a) the global ocean, (b) the Southern Ocean, and (c) the tropical 940	
oceans in the three experiments. (d) is the percentage difference of the globally-averaged EKE between 941	
CONTROL and NONE. The bottom row is the same as the top row, but for the MKE. 942	
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FIG. 9. As in Fig.2, but for the time-mean barotropic streamfuncions (Sv).  966	
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FIG. 10. As in Fig.2, but for the March-mean MLD in the Northern Hemisphere and September-mean MLD in the 997	
Southern Hemisphere (m). 998	
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FIG. 11. As in Fig.2, but for the time-mean AMOC (Sv). 1016	
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FIG. 12. The time-mean meridional heat transport (PW) of (a) the global ocean, (b) the Atlantic Ocean, 1031	
 (c) the Pacific Ocean, and (d) the Indian Ocean in CONTROL (green), HEAT (blue) and NONE (red). 1032	
